Deposits with unusually high Mn contents sampled at Monte Mangart in the Julian Alps include organic-rich marlstone and black shale with interbedded manganoan and siliceous limestone, which were deposited during the early Toarcian Oceanic Anoxic Event. Mn enrichment during that period has been related to global sea-level change coincident with increasing subsidence rate. The formation of Fe-Mn nodules, marking a hardground at the base of the Monte Mangart section, seems to be triggered by release of Mn from remote hydrothermal vents into a region of relatively elevated submarine topography where oxidizing conditions prevailed. However, very high Mn contents in carbonate phases above the hardground imply an additional diagenetic source of this element in the lower part of this section. The whole stratigraphic sequence (ca 30 m) displays a transition from Mn-rich (up to 8.8%) sediments, in the lower part, to Mn-poor (less than 1.8%) sediments in the middle and upper parts. The drastic decrease in Mn content's up-section is accompanied by a clear decrease in the mean size of pyrite framboids, indicating more intense anoxia/euxinia in the water column. In the presence of Mn 2+ , conditions of high alkalinity induced precipitation of Mn carbonates during early diagenetic processes. Negative δ
Introduction
Lower Toarcian strata of the western Tethys are characterized by widespread occurrence of manganese-bearing deposits. Sediments in anoxic marine environments are commonly depleted in manganese because low Eh values favour the stability of Mn 2+ ions in aqueous solutions (Force and Cannon, 1988) . However, Mn-rich (Mn  2+ ) carbonates stratigraphically associated with Jurassic black shales have been recognized in basinal pelagic deposits from Austria, Germany, Switzerland, Slovakia, Italy, and Hungary (Bellanca et al., 1999; Corbin et al., 2000; Ebli et al., 1998; Jenkyns, 1988; Jenkyns et al., 1991; Polgári et al., 1991 Polgári et al., , 2004 Rantitsch et al., 2003; Vetö et al., 1997) . Ferromanganese oxyhydroxide crusts and nodules (Mn 4+ ) formed on topographic highs (seamounts) in relatively shallow waters are also characteristic of the Jurassic Tethys (Cronan et al., 1991; Di Stefano et al., 2002; Jenkyns, 1970 Jenkyns, , 1971 Jenkyns, , 1977 . Several authors (i.e. Corbin et al., 2000; Jach and Dudek, 2005) linked the elevated concentrations of Mn in Jurassic sediments of the western Tethys to increasing submarine hydrothermal activity during progressive rifting of the Tethyan passive continental margin; in addition, Jenkyns et al. (1991) suggested a possible continental derivation of Mn transported through the oxygen minimum zone across the Tethyan continental margin.
The Monte Mangart section discussed in this paper contains well exposed organic-rich marlstone and black shale that are stratigraphically associated with both manganoan carbonates and ferromanganese oxyhydroxide nodules. Based on radiolarian fauna, Goričan et al. (2003) dated the studied interval as early to middle Toarcian in age.
Comparison of the organic carbon-isotope record from Monte Mangart with records of coeval sections of the Tethyan and Boreal realms confirmed that the black shale horizon can be ascribed to the upper part of the Tethyan tenuicostatum Ammonite Zone or to the lower part of the boreal falciferum ammonite Zone (Sabatino et al., 2009) .
This work presents a multi-proxy study of lower Toarcian strata that includes new records of carbon and oxygen isotopes from bulk carbonate sediments combined with mineralogical, petrographical and geochemical data. The aim of the study was 1) to document changes in abundance of Mn in response to the early Toarcian Oceanic Anoxic Event (T-OAE) in the western Tethys and 2) to contribute to the understanding of Mn mineralization during early diagenetic processes in dysaerobic to anoxic environments.
Geological setting
The Monte Mangart area is located in the Julian Alps along the Italian-Slovenian border. The Julian Alps belong to the Julian Nappe, which forms part of the Southern Alps together with the underlying Tolmin Nappe (Placer, 1999) . During the Jurassic, the Julian Alps comprised part of the southern Tethyan passive continental margin recording the Late Triassic-Early Jurassic rifting that led to the development of two juxtaposed Jurassic palaeogeographic units: the Julian High and the Slovenian Basin (Fig. 1) . The Julian High palaeogeographic unit was considered by Buser (1996) to have formed from a carbonate platform that drowned in the Early Jurassic, probably around Sinemurian/Pliensbachian boundary time. This unit was characterized by irregular seafloor topography because the drowned platform was dissected into differentially subsided blocks. During the Jurassic, some of these blocks formed isolated seamounts while other blocks became part of the deeper Slovenian Basin that received gravity-displaced sediments from an adjacent shallow-water carbonate platform, as was the case with Monte Mangart (Cousin, 1981; Šmuc and Goričan, 2005) .
The studied section is well exposed along the Slovenian-Italian border ( Fig. 1) on the saddle between Travnik and Mali Mangart (Šmuc and Goričan, 2005) . Here, the stratigraphic succession has been subdivided by Goričan et al. (2003) into four distinct lithostratigraphic units (Fig. 2B) . At the base, Unit 1 consists of HettangianSinemurian platform carbonates that submerged near the time of the Sinemurian/Pliensbachian boundary. Unit 2, which consists of bioclastic wackestone and packstone with echinoderms, sponge spicules and juvenile ammonites, was deposited in a deeper environment than Unit 1, on top of the drowned platform, and is capped by a hardground with ferromanganese nodules (Fig. 2C ) suggesting a reduced sedimentation rate (Jenkyns, 1970) . The age of this Unit is thought to correspond approximately to the time interval that contains the Pliensbachian/Toarcian boundary (Šmuc and Goričan, 2005) . Unit 3, the subject of this study, is composed of organic-rich layers that reflect the Toarcian Oceanic Anoxic Event in the Julian Basin/Plateau (Jenkyns, 1988; Jenkyns and Clayton, 1986) as suggested by the radiolarian ages of Goričan et al. (2003) and Šmuc and Goričan (2005) . By the early Toarcian, the Monte Mangart area had ceased to be a topographic high and became an anoxic basin trapping fine-grained sediment. In Unit 3, organic-rich bioturbated marlstone and black shale with interbedded manganoan and siliceous limestones ( Fig. 2A) represent the lateral equivalent of the black shales in the neighbouring Belluno Basin (Bellanca et al., 1999; Claps et al., 1995; Jenkyns et al., 1985; Masetti and Bianchin, 1987) . The classic black shale facies characterized by millimetre-scale lamination, high TOC and low CaCO 3 contents, never developed.
Thin-bedded recrystallized limestone at the top of Unit 3 reflects slow sedimentation rates as evidenced by the presence of extensive borings into a hard substrate. A stratigraphic hiatus, spanning the late Toarcian, Aalenian and early Bajocian, separates Unit 3 from Unit 4. Unit 4 is a deep-sea, Middle Jurassic oolitic turbidite fan supplied by the surrounding carbonate platforms that also filled the Belluno Basin .
Methods
A total of 171 samples were collected over a 29 m-thick interval of Monte Mangart section in the Julian Alps: 162 of these were collected throughout the succession recording the T-OAE with a sampling interval varying from 10 to 30 cm. The mineralogy of bulk-rock samples was determined by powder X-ray diffraction (XRD, Philips PW14 1373) using Cu-Kα radiation filtered by a monochromator crystal, with a scanning speed of 2°2θ/min. Selected samples were investigated for textural and petrographical features using a polarizing light microscope and the Scanning Electron Microscope (SEM) LEO 440 with EDS system OXFORD ISIS Link and Si (Li) PENTAFET detector.
A total of 171 bulk-rock samples from Monte Mangart were analysed isotopically for δ 13 C and δ
18
O using a VG Isogas Prism II mass spectrometer with an on-line VG Isocarb common acid bath preparation system. Samples were cleaned with hydrogen peroxide (H 2 O 2 ) and acetone [(CH 3 ) 2 CO] and dried at 60°C for at least 30 min. In the instrument, they were reacted with purified phosphoric acid (H 3 PO 4 ) at 90°C. Calibration to PDB standard via NBS-19 was made daily using the Oxford in-house (NOCZ) Carrara marble standard. Reproducibility of replicated standards was typically better than 0.1‰ for both δ 13 C and δ 18 O. Fig. 1 . Map of the palaeotectonic elements in the Southern Alps during the Early Jurassic (modified from Winterer and Bosellini, 1981) showing the location of the Monte Mangart section (star).
Major-element concentrations were determined on 78 selected bulk-rock samples from Monte Mangart by X-ray fluorescence spectrometry (XRF) on pressed, boric-acid backed pellets, using a RIGAKU ZSX PRIMUS spectrometer. Data reduction was achieved using the method described by Franzini et al. (1975) . Certified reference materials were used to monitor data quality. Analytical errors were below 3% for both Mn and Fe. Trace element and rare earth element (REE) concentrations were determined using Induced Coupled Plasma Mass Spectroscopy (ICP-MS). A 0.5 g sample was digested with hydrofluoric acid, followed by a mixture of nitric and perchloric acids; following this process, controlled heating cycles were performed to bring samples to dryness. After dryness was attained, samples were brought back into solution using hydrochloric acid. Certified reference materials were used for quality control. The ICP-MS used was a Perkin Elmer Elan 6000. Detection limits were: 0.1 ppm for Co and REE; 0.2 ppm for Cu; 0.5 ppm for Ni; 1 ppm for V. Comparisons among the REE were facilitated by normalizing the analytical value to an appropriate reference material such as the North American, European and Russian shale composite (Haskin and Haskin, 1966; Piper, 1974) adopted in many previous studies (i.e. Murray et al., 1991) . Using the convention established by de Baar et al. (1985) , the variations of Ce can be quantified as Ce/Ce* calculated as (Ce n ) / (2/ 3 La n + 1/3 Nd n ) where the subscript 'n' refers to normalized values with respect to average shale. Total carbonate contents (CaCO 3 %) were measured by means of a classic gas-volumetric technique, as described by Hülsemann (1966) . The weight percentage of total sulphur was determined by roasting samples at 1350°C in a COULOMAT 702 ANALYSER. Precision is around 0.05%.
Results

Sedimentological and petrographical features
Ferromanganese nodules
Ferromanganese nodules are present in a 15-30 cm thick interval at the base of Unit 3 (Fig. 2C) . The nodules are ellipsoidal (up to 3 cm in maximum diameter) and commonly show a black core (size ca 2 cm) and an outer rim, yellow-brown in colour, up to 1 cm thick. Based on SEM/EDS observations the different colours are ascribed to different mineralogy, the black core and the brown rim being dominated by Mn oxides and Fe oxyhydroxides, respectively (Fig. 3A) . In the nodule core, Mn oxides are associated with dispersed calcite, Mn calcite, quartz, and clay minerals. Quartz and Mn carbonate also fill numerous cracks in the nodules (Fig. 3B) . 
Unit 3 sediments
The Toarcian organic carbon-rich deposits of Unit 3 are ca 27 mthick and can be subdivided into two parts. In the lower part (0.9 to 10 m), the prevalent lithology is dark marlstone, locally bioturbated, with interbedded fine-grained manganoan limestone corresponding to a higher carbonate flux that may have been supplied by a pelagic source because nearby shallow-water coeval carbonate platforms are not known from the geological record. The microfacies of the marlstone is a wackestone showing a fauna composed dominantly of radiolarians (Fig. 4A) , which appear as well-preserved spherical to elliptical tests generally filled with carbonate or fan-shaped chalcedonic quartz ( Fig. 4A and B) . The matrix consists of micrite with variable silt/clay ratios and organic matter (1% mean TOC; Sabatino et al., 2009 ). Abundant pyrite occurs as scattered framboids ( Fig. 4C and D) or filling undetermined spherical shells (Fig. 4E) , while dolomite appears as rare single crystals within the rock matrix. The CaCO 3 content of the lower part of Unit 3 ranges predominantly from 20 to 40% with peaks (up to 51%; Table 1 ) that reflect manganoan limestone. The limestone microfacies is a radiolarian packestone (Fig. 4A ) containing common phosphate debris and pyrite.
The relative high carbonate content in lower part of Unit 3 is coupled with a high Mn content (up to 8.8%; Table 1 ). Radiolarian tests from the stratigraphic interval between 1.5 and 10 m show evidence of replacement by Mn calcite ( Fig. 4A and F), which may be related to dissolution of biogenic opal (opal-A) and precipitation of Mn carbonates. Mn calcite, with various Ca/Mn ratios, occurs also as cement and grain coatings ( Fig. 4C and D) . DRX investigations of bulk samples showed a decrease in the d (104) basal reflection (up to 3.01 or 3.00 Å) relative to the calcite standard. Consistent with SEM-EDAX analysis, this shift results from appreciable substitution of Mn for Ca in the calcite. According to Krieger (1930) , this decrease in basal reflection would indicate up to 7-15% of the rhodocrosite endmember, which would be classified as manganocalcite.
The middle part of Unit 3 is characterized by a decrease in both CaCO 3 and Mn contents (Mn from 0.1 to 1.8%; Table 1 ). The CaCO 3 is commonly lower than 20% and never higher than 30% (Table 1) . The prevalent rock types are pelagic and hemipelagic marlstones and poorly laminated black shale. Thin turbidite beds interbedded with these fine-grained sediments are mainly composed of radiolarian shells filled with chalcedonic quartz (Fig. 4B ) and record intra-basinal reworking of pelagic material. In the upper part of the section, the pelagic content of the turbidite beds is replaced by shallow-water grains from the Friuli Platform that foreshadow the overlying Vajont Limestone (Unit 4).
Pyrite size distribution
The morphology of sedimentary pyrite has been used to infer the oxygenation state of the environment of formation, whether within the water column or within the sediment during early diagenesis (Butler and Rickard, 2000; Taylor and Macquaker, 2000; Wilkin and Barnes, 1997; Wilkin et al., 1996) . Essentially, the size distribution of pyrite framboids can discriminate between syngenetic pyrite formed in the water column of euxinic basins containing free hydrogen sulphide and early diagenetic pyrite formed within anoxic pore waters of sediments underlying dysoxic or oxic water columns (Wilkin et al., 1996) . Framboids of syngenetic pyrite are on average smaller and less variable in size than early diagenetic framboids.
The framboidal pyrite population from the 1.5 to 10 m section in the lower part of Unit 3 is characterized by relatively large diameters (mean diameter ca 6 μm; see Fig. 4C and D) and by a wide range of size distribution. The points representative of selected samples fall in the oxic-dysoxic field of the discriminant diagram ( Fig. 5) proposed by Wilkin et al. (1996) . In contrast, the framboidal pyrite population of samples from the middle and upper parts of Unit 3 exhibits smaller diameters (mean diameter ca 3.6 μm) and less variability in size (Fig. 5) , which would indicate precipitation in a euxinic water column.
Geochemistry
Stable isotopes
The limestone from Unit 2 and at the base of Unit 3 (Table 2: with some spikes down to −18.37‰. In rock types from the middle and upper parts of the section (Mn-poor sediments and top limestone; see Fig. 6 ), there is an overall gradual increase in δ 13 C carb , from − 3.53‰ at 10.1 m to 1.05‰ at the top of Unit 3 (28.8 m), with rare negative spikes. As a whole, these values are relatively negative compared with those of other Toarcian marine pelagic carbonates, which range from about −1 to 4.5‰ (Jenkyns and Clayton, 1986 ) and can be explained by the occurrence of diagenetic cement. Consistently low δ 13 C carb values for the samples from the lower part of Unit 3 (1.4
to 10 m) match high manganese contents (r = −0.76; n = 29; Fig. 6 ), suggesting that more negative δ 13 C carb values correspond to higher Mn carbonate contents. In comparison, the most negative δ 13 C carb values observed for similar coeval lower Toarcian Mn carbonate deposits from Úrkút (Hungary) are around − 20‰ , whereas values around − 8‰ are reported for the Jurassic Molango deposits (Mexico) (Okita and Shanks, 1992; Okita et al., 1988) . The δ 18 O values of whole-rock samples mostly range from −2.74 to −0.12‰, but they become strongly negative, falling to −11.04‰, for samples with the negative δ 13 C carb spike (Table 2 , Fig. 6 ). Similar values are reported for coeval carbonates from Mochras Borehole (Gwynedd) (Jenkyns and Clayton, 1997) .
Trace elements and bottom-water redox conditions
The trace element proxy V/(V + Ni) has been widely used in previous studies to evaluate palaeoredox conditions. Both Ni and V occur in highly stable tetrapyrrole structures originally derived from chlorophyll and preserved under anaerobic conditions (Breit and Wanty, 1991; Lewan and Maynard, 1982) . Under euxinic conditions, the availability of H 2 S causes the formation of soluble NiS complexes, whereas vanadyl or trivalent vanadium is produced (Lewan, 1984) . In the sediments from Unit 3, the V/(V + Ni) ratios are generally in the range 0.57-0.76 which, according to Hatch and Leventhal (1992) , indicates deposition under anoxic bottom-water conditions. Along the lower part of this unit, the ratios are highly variable, indicating wide fluctuations from dysoxic/anoxic to anoxic/euxinic conditions (Fig. 6 , Table 1 ). The total sulphur contents range from 0.16 to 3.38% for Mn-rich layers and from 0.04 to 2.34% for Mn-poor layers (Table 1) . Consistently, microscopic observations revealed that the main sulphur-containing mineral is pyrite that occurs as framboidal aggregates (Fig. 4C and D) showing a decrease in the average diameter (from ca 6 to ca 3.5 μm) between the lower (1.4 to 10 m) and the middle-upper parts (10.1 to 28.1 m) of Unit 3 (Fig. 5) .
In the Fe-S-C diagram (Arthur and Sageman, 1994; Dean and Arthur, 1989) , data points cluster along an area extending from the Fe corner to the C org -pyrite line (Fig. 7) . Usually in euxinic sediments, the limiting factor in pyrite formation is not C org content but the quantity of detrital reactive Fe present (Arthur and Sageman, 1994; Raiswell and Berner, 1985) . In the sediments from Unit 3 of the Mangart section, sulphur fixation appears to have been controlled and limited by the availability of labile organic matter that generally was not sufficiently abundant to generate stable anoxic bottom-water conditions.
REE distribution
Several studies have indicated that the REE patterns in sedimentary systems are influenced by both depositional environment and diagenetic processes (Milodowski and Zalasiewicz, 1991; Murray et al., 1990 Murray et al., , 1992 . Limestones at the base and at the top of the Monte Mangart section show total REE contents ranging from 47 to 59 ppm (Table 1) . Fe-Mn nodules at the base of Unit 3 show a mean REE content of 58 ppm (Table 1 ). The sediments from Unit 3 contain up to 409 ppm total REE (Table 1) .
Cerium has been considered as a sensitive tracer for palaeoceanic redox conditions (Bellanca et al., 1997; German and Elderfield, 1990; Liu et al., 1988; Schijf et al., 1995; Wright et al., 1987) , although this idea is controversial (de Baar et al., 1988; MacLeod and Irving, 1996) . The Ce/Ce* values throughout the studied section show wide fluctuations (Fig. 6) . The limestones at the base and the top of the section show moderate to weak negative Ce anomaly (mean values 0.6 and 0.9, respectively), which may indicate oxygenated bottom waters during deposition. Fe-Mn nodules show Ce/Ce* values close to 1 (Table 1 ). In the upper part of Unit 3 (above 10 m), the Ce/Ce* ratio is on average slightly higher than 1, which represents a typical value for average shale (Murray et al., 1991) . Stratigraphically through the lower part (1.4 to 10 m), Ce/Ce* values exhibit wider fluctuations ranging from 1 to 2. Interestingly, the Ce/Ce* curve shows a striking similarity with the Mn profile (see Fig. 6 ), which suggests that the Ce anomaly is closely linked to conditions controlling the behaviour of manganese.
Discussion
Mn fluctuations, sea-level variations and anoxia
Some studies relate sedimentary Mn fluctuations to variations in sea-level (Accarie et al., 1989 (Accarie et al., , 1993 Pratt et al., 1991; Renard and Letolle, 1983) . Fluctuations in Mn content have, for example, been related to second-order eustatic sea-level variations (Corbin, 1994) and found to correspond with the transgressive-regressive cycles of the Jurassic Period, as defined by Hardenbol et al. (1998) and de Graciansky et al. (1998) .
The early Toarcian OAE is characterized by a significant rise of eustatic sea-level that produced a marine transgression (Hallam, 1981 (Hallam, , 1988 Haq et al., 1987) . In the Monte Mangart section, higher concentrations of Mn appear to be superimposed on the general trend related to a hypothetical eustatic control (Fig. 8) . In the stratigraphic interval from 1.4 to 15 m, the abundant intercalations of limestone rich in radiolarian tests could represent the transgression maximum (Šmuc and Goričan, 2005) . At the same stratigraphic interval, a peak in abundance of the radiolarian family Pantanelliidae was recorded, indicating the maximum development of eutrophic conditions (Goričan et al., 2003 ). Rise of eustatic sea level and enhanced global oceanic Mn flux could have characterized the early Toarcian as a result of hydrothermal activity during rapid seafloor spreading (Corbin et al., 2000) . However, the high Mn contents measured in the lower part of Monte Mangart section might not be justified solely by an increase in hydrothermal inputs during the most active expansion phase of midoceanic ridges. Higher Mn concentrations in the Monte Mangart section are coeval with negative δ 13 C shifts (Fig. 6) . This relationship suggests that an additional source of Mn might be related to the events responsible for the negative isotopic excursions characterizing the T-OAE (Hermoso et al., 2009a; Jenkyns, 2003; Clayton, 1986, 1997; Jenkyns et al., 2002; Sabatino et al., 2009) .
Although the T-OAE is characterized by an overarching positive carbon-isotope excursion (Jenkyns, 1988; Jenkyns and Clayton, 1997) , as would be expected for an interval of globally significant organic carbon burial, lower Toarcian black shales are everywhere typically associated with a negative δ 13 C excursion in bulk marine organic matter, bulk and skeletal carbonate, and also in fossil wood (AlSuwaidi et al., 2010; Hermoso et al., 2009b; Hesselbo et al., 2000, 2007; Jenkyns, 2010; Jenkyns et al., 2001; Kemp et al., 2005; Schouten et al., 2000; Suan et al., 2008; Woodfine et al., 2008) . These records resulted from the rapid release to the ocean and atmosphere of isotopically light carbon, possibly sourced from biogenic methane (δ 13 C=ca −60‰) by dissociation of methane hydrates in continental margin sediments during periods of relatively warm climate and/or tectonic instability (Beerling et al., 2002; Hesselbo et al., 2000; Hesselbo et al., 2007; Jenkyns, 2003; Jenkyns et al., 2002; Kemp et al., 2005; Röhl et al., 2001) . Methane oxidation involves increased consumption of oxygen and would have been one of the factors promoting anoxia. These considerations argue for conditions favourable to the development, during the early Toarcian, of an oxygen minimum layer along the Tethyan continental margin (Jenkyns et al., 1991) where fluctuations of the redox front into the water column or within the sediment could have induced Mn oxide reduction. Dissolving Mn oxides are a significant source for Mn 2+ that can be incorporated into the lattice of early diagenetic carbonates. The development of an oxygen minimum zone across the Tethyan continental margin, variably enriched in dissolved Mn 2+ , could explain the origin of central European Mn-rich deposits with a strong difference in the degree of enrichment between the Hungarian (high enrichment) and Italian (moderate enrichment) deposits (Jenkyns et al., 1991) . In Greece (Ionian Zone) and in the Umbria-Marche Basin, black shale records of the T-OAE are present, but Mn mineralization is absent.
Origin of Fe-Mn nodules
The Julian Basin was part of the southern continental margin of the Tethys Ocean during the Mesozoic. The Early Jurassic rifting produced a complex pattern of structural highs and lows (seamounts and basins) developing distinct palaeoenvironments Jenkyns, 1974, 2009 ). On submarine topographic highs, long periods of exposure of the sea floor to oxygenated seawater favoured metal precipitation in form of Mn and Fe (hydr) oxides on any available substrate, potentially promoting conditions conducive to formation of a hardground with Fe-Mn nodules (Jenkyns, 1970; Di Stefano and Mindszenty, 2000; Di Stefano et al., 2002) , as seen at the base of the Monte Mangart section (Fig. 2C) .
Fe-Mn nodules from Monte Mangart are defined by low contents of Co + Ni + Cu (mean value 77.7 ppm, Table 1 ) that resemble the composition of hydrothermal manganese deposits formed by lowtemperature hydrothermal fluids (Glasby et al., 1997) . The dominant controls on element concentrations in the nodules include element concentrations in seawater, colloid surface charge, degree of oxidation, types of complexing agents, physical properties, and growth rates (e.g. Li, 1981) . During the growth of the Fe-Mn oxide, its exposed surface is progressively buried and this process controls the Co, Ni, and Cu enrichments (Manceau et al., 1997; Takematsu et al., 1989) . Although it is well known that trivalent Co is strictly associated with Mn oxides (Takahashi et al., 2007) and its abundance decreases on average from hydrogenetic to diagenetic to hydrothermal oxide deposits (Usui et al., 1997) , it has been suggested that its enrichment is controlled by the growth rate of the ferromanganese oxide, a fast growth resulting in limited uptake of Co (and Ni and Cu) from seawater (Hein et al., 1997; Takahashi et al., 2007; Usui et al., 1997) . On this basis, the low metal concentration of Fe-Mn nodules from Monte Mangart could indicate a hydrothermal origin in part, but alternatively a rapid growth of hydrogenous or diagenetic nodules cannot be ruled out. SEM/EDS analyses indicate that the nodules have a black core dominated by Mn oxides, which is consistent with a hydrothermal input, given that such precipitates are general markedly enriched in Mn and depleted in Fe, as compared with hydrogenetic or diagenetic deposits (Usui et al., 1997) .
The low REE contents (mean value ΣREE = 58 ppm, Table 1 ) of FeMn nodules from the Mangart section are similar to those reported for micronodules in the Trans-Atlantic Geotraverse hydrothermal fields (Dekov et al., 2003; Rona et al., 1986) . However, the REE distribution patterns of the nodules do not indicate unequivocally a hydrothermal origin. Common features of REE distribution in hydrothermal manganese deposits from mid-ocean ridge are the negative Ce anomaly and a large positive Eu anomaly (Danielson et al., 1992; Michard and Albarède, 1986) . The reasons for these characteristics are that (i) fluids of submarine hydrothermal systems are enriched in Eu and depleted in Ce (Douville et al., 1999; Michard and Albarède, 1986) and (ii) hydrothermal Fe-Mn oxides inherit the negative Ce anomaly of seawater, the dominant fluid in hydrothermal Mn mineralization. Additional Ce adsorption on the surface of Fe-Mn oxides is kinetically hindered in fast-growing hydrothermal ferromanganese oxides (e.g. Takahashi et al., 2007) . Conversely, the studied nodules do not display Ce anomalies (Ce/Ce* ca 1, Table 1 ) and have a weak negative Eu anomaly (Eu/Eu* = 0.8). The lack of a pronounced positive Eu anomaly may be related to a relatively remote hydrothermal source and/or high dilution by seawater (Lottermoser, 1992; Michard, 1989) . Also, Usui et al. (1997) ascribed negative Eu anomalies of Central Pacific Mn oxide deposits to formation from low-temperature hydrothermal fluids. According to the model of Dubinin (2004) , FeMn hydrothermal nodules in hydrothermal-sedimentary deposits can change their REE composition through diagenesis and/or in relation to increased hydrogenetic particulate flux, mainly Fe-Mn oxyhydroxide particulates, which are known to accumulate Ce in oxidizing environments. This model could explain the lack of a distinct negative Ce anomaly in ferromanganese nodules from the base of Unit 3 in the Monte Mangart section.
Although trace-metal and REE distribution patterns in the nodules do not indicate unequivocally their origin, it is plausible that the formation of the studied nodules was triggered by release of Mn from hydrothermal vents into a region of relatively elevated submarine topography (seamount) where oxidizing conditions prevailed. Evidence of a hydrothermal source for Mn is largely indirect, although Toarcian volcanicity is known from parts of the Tethyan region and Germann (1972) recorded a tuff interbedded with manganese deposits in the northern Calcareous Alps of Austro-Germany. The nodules show a black core dominated by Mn oxides and a Fe-rich brown shell. This variation in the nodule chemistry/mineralogy could be an expression of changes in bottom-water redox conditions in the Julian Basin. During the initial stage of high bottom-water oxygenation, large amounts of Mn oxides precipitated from the water column to the sediment. Then, continous oxide accumulation after the particles have settled on the seafloor and Ce uptake by oxidative scavenging took place leading to Ce/Ce* ratios close to 1. In the initial stage of the early Toarcian Oceanic Anoxic Event, variation of oxidation state resulted into moderately reducing bottom-water conditions that favoured precipitation of iron oxide phases in the nodules, Mn being much more soluble in oxygen-deficient settings.
Depositional environment of Mn-rich deposits from Monte Mangart
Above the hardground, Unit 3 displays a transition from Mn-rich (up to 8.80%) sediments, at the base (below 10 m), to Mn-poor (less than 1.83%) sediments through the middle and upper parts of the unit (Table 1 and Fig. 6 ). The drastic decrease in Mn concentration is consistent with a decrease in size of pyrite framboids (mean diameter from ca 6 to ca 3.6 μm, Fig. 5 ) which, in accordance with Wilkin et al. (1996) , indicates a change from an oxic-dysoxic to an anoxic-euxinic water column.
With respect to the lower part of Monte Mangart section, wide fluctuations in the V/(V + Ni) record (Fig. 6) indicate variations in the dissolved oxygen contents in the bottom waters. Higher V/(V + Ni) Hallam (1988) , (B) Haq et al. (1987). ratios, roughly coincident with higher Mn concentrations, support the idea that Mn enrichments can be related to manganese accumulation driven by fluctuating redox conditions at the sediment-water interface (Heiser et al., 2001; Huckriede and Meischner, 1996; Jenkyns et al., 1991) during the early Toarcian. Higher Mn percentages and higher V/(V + Ni) ratios are also coincident with strongly positive values of the Ce anomaly (Ce/Ce* up to 1.89, Fig. 6 ). The positive Ce anomaly appears related to Mn carbonate precipitation during early diagenesis from anoxic pore waters. Ce is bound to Mn (Fig. 6 ) due to processes of combined oxidation expressed by the reaction: , mobilized and then released into the water column or to pore water where precipitation of authigenic phases (such as Mn carbonate) may occur (Dolenec et al., 2001; Elderfield, 1990, Holser, 1997; Rantitsch et al., 2003) .
Mn carbonate precipitation in the lower part of Unit 3 may have taken place as a product of bacterially mediated degradation of organic matter. At the sediment/water interface, and in the top few decimetres of sediment, redox reactions related to the decay of organic matter play an important role in early diagenetic processes (Froelich et al., 1979) . As dissolved oxygen becomes depleted, organic matter decomposes by using O 2 from secondary oxidant sources (such as MnO 2 ), thus releasing Mn 2+ in interstitial solutions (suboxic diagenesis) according to the reactions:
The rate of these reactions may depend on the supply of organic matter. Manganese sequestration within the sediment can occur by coprecipitation within the calcite lattice and this process depends on the pH, Eh, O 2 , Mn and (HCO 3 )
− contents of pore waters (Frakes and Bolton, 1984; Stumm and Morgan, 1981) . Although opaline tests may dissolve in interstitial waters undersaturated with respect SiO 2 , calcitized radiolarian shells in Mn-rich samples from the Mangart section (see Fig. 4A and F) may indicate high pore water alkalinity, under which the tests could also have been dissolved. High alkalinity resulting from intense bacterial sulphate reduction (Berner, 1970) , and from manganese reduction coupled with oxidation of organic matter, could have favoured early diagenetic Mn carbonate precipitation. An involvement of organic matter in the mineralization process is supported by the coincidence of high Mn contents with negative δ 13 C carb values (down to − 18.37‰) (Fig. 6 ) and low hydrogen index (80 mg HC/g TOC, Sabatino et al., 2009 ) that indicate highly degraded planktonic organic matter. The negative δ 13 C values measured in the Mn-rich sediments of the lower part of Unit 3 may be the result of mixing of two carbon reservoirs: i) isotopically light, organic matterderived CO 2 with a composition of about −30‰, as measured by Sabatino et al. (2009) , and ii) HCO 3 − with δ 13 C close to 0‰ derived from seawater, as assumed from δ 13 C carbonate values (near −2‰) of unmineralized samples from the middle and upper part of Unit 3. From a simple mass balance, it can be estimated that up to 60% of the carbon involved in Mn carbonate precipitation originated from CO 2 produced during degradation of organic matter. Also the negative δ 18 O carb values of the Mn-rich layers (Fig. 6 ) may reflect precipitation from pore water altered by diagenetic reactions, which is consistent with the supposed origin of the carbonate cements from decomposition of organic matter in an oxygen-depleted environment (Krajewski et al., 2001 ). According to Sass et al. (1991) , carbonates precipitated in the sulphate reduction zone are enriched with 16 O and it is possible that organic matter itself can be a source of 16 O.
The mineralization process of precipitation of Mn carbonate, observed in the lower part of Unit 3, was manifestly interrupted during periods of more oxygenated conditions in the water column, as highlighted by low values of the V/(V + Ni) ratio and Ce/Ce* in coincidence with low concentrations of Mn. The Mn-rich deposits of Monte Mangart could be an analogue of the recent sapropelic sediments of the central Baltic Sea, where Ca-rich rhodochrosite formation has been related to the periodic renewal of deep water (Neumann et al., 2002) .
Conclusion
The origin of the Mn enrichment in the Monte Mangart section is related to the early Toarcian OAE that occurred during a marine transgression. The high Mn concentrations are not consistent solely with a hydrothermal source, even though the early Toarcian was a time of active expansion of mid-oceanic ridges. Rather, an additional source of sedimentary or early diagenetic Mn is required.
On the basis of petrographic and geochemical observations, different stages can be distinguished in the deposition of the studied section. During the first stage, the deposition of Fe-Mn nodules at the base of the Monte Mangart section was triggered by release of Mn from remote hydrothermal vents into a region of relatively elevated submarine topography. In the second stage, sediment deposition occurred under conditions of increasing productivity and flux of organic matter. During the early Toarcian, the basin was invaded by oxygen-depleted waters, and the development of a fluctuating oxygen minimum zone led to diffusion of Mn 2+ from the dissolution of Fe-Mn oxyhydroxides. The Mn enrichment in the lower part of Unit 3 may have been related to sulphate reduction that resulted in increased pH of interstitial waters in sediments just below the sea floor: high alkalinity in combination with high Mn 2+ concentrations induced precipitation of authigenic Mn carbonate. During the third stage, anoxic/euxinic conditions became dominant with the deposition of pelagic marlstones and black shales containing small-diameter pyrite framboids and low concentrations of Mn, in the middle and upper parts of Unit 3.
